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The mouse epithelial MODE-K cell line expressing human CD46 or CD150 cellular receptors was found to
be nonpermissive for measles virus (MV) replication. The virus binding and membrane fusion steps were
unimpaired, but only very limited amounts of virus protein and RNA synthesized were detected after the
infection. In a minigenome chloramphenicol acetyltransferase assay, MODE-K cells were as able as the
permissive HeLa cells in supporting MV polymerase activity. The restriction phenotype of MODE-K cells could
be alleviated by providing, in trans, either N-P-L or N-P functional protein complexes but not by P-L complexes
or individual N, P, and L proteins. Several human � mouse (HeLa � MODE-K) somatic hybrid clones
expressing human CD46 were isolated and found to be either nonpermissive or permissive according to their
human chromosomal contents. The MV-restricted phenotype exhibited by the MODE-K cell line suggests that
a cellular factor(s) can control MV transcription, possibly by stabilizing the incoming virus polymerase
templates.

Members of the order Mononegavirales are among the most
simple enveloped mammalian viruses which replicate within
the cytosol. Their negative-strand RNA genome is used as a
template for both transcription of mRNA and virus replication
involving the synthesis of antigenomic and genomic RNA. For
example, the measles virus (MV) genome encodes the nucleo-
protein N (which associates with the genomic [and antigeno-
mic] RNA to form the polymerase template), the phosphopro-
tein P, a polymerase cofactor, the large L protein (which
harbors the polymerase enzymatic activities), the envelope
hemagglutinin (H) and fusion (F) proteins, and the matrix (M)
protein.

MV replication is regulated by the virion structure and/or
the entry pathway, as shown by the much slower replication of
chimeric MV having their H and F glycoprotein genes substi-
tuted with that of the vesicular stomatitis virus (VSV) G pro-
tein (51) and by the transcriptional inhibitory activity of mu-
tated M proteins (52). Regulatory nucleic sequences also
control the level of MV replication (3, 27). MV replication in
a cellular host is also regulated by nonstructural viral proteins
MV-C (15, 45, 56) and MV-V (55) proteins. Changes in the
primary sequences of these proteins and/or L polymerase pro-
tein are associated with transcriptional impediment (53).

Much less is known on the possible involvement of cellular
factors in MV replication outside the key role of the cellular
receptors CD46 (12, 37) and CD150 (13, 30, 54) allowing MV

entry in human cells and the potent inhibitory activity of alpha/
beta interferon (IFN) (36, 39). MV gene expression and rep-
lication have been reported to be enhanced in human and
simian host cells after heat shock or by the overexpression of
Hsp72 (40, 57, 58). In acellular conditions, MV polymerase
activity can be observed only when cytosolic fractions are
present, and tubulin seems to act as a cellular cofactor of the
polymerase (35). The host cell can exert late control of virus
budding, as shown by the reduced amounts of virus progeny
observed in murine L.CD46 cells (61), associated with a defect
in MV assembly in membrane rafts (34, 60) (S. Vincent and D.
Gerlier, unpublished data). Several studies have pointed out
that host cells can exert control early in MV replication; MV
replication is reduced in CD46-expressing chicken embryo fi-
broblasts or Vero cells without prior growth adaptation (14,
53) and in lymphocytes from CD46 transgenic mice (16, 28).
During an initial screening of MV replication in various mu-
rine cell lines expressing human CD46 as MV receptor, we
observed that CD46-expressing MODE-K epithelial cells de-
rived from murine intestine were poorly infected. A detailed
study was undertaken and revealed an early postentry block of
MV replication affecting the initial transcription.

MATERIALS AND METHODS

Cells. Human epithelial HeLa and mouse intestinal epithelial MODE-K (59)
cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 6% heat-inactivated fetal calf serum (FCS), 10 mM HEPES, 2 mM
glutamine, and 10 �g of gentamicin per ml at 37°C in the presence of 7% CO2.
MODE-K.CD46 and MODE-K.CD150 clones were obtained by transfection
using Lipofectamine reagent (Life Technologies) with pIRV.CD46 (coding for
B1 CD46 isoform) and pCAGG-SLAM (coding for CD150/SLAM) (54) together
with pAG475-2 (33) (coding for hygromycin resistance). Hygromycin-resistant
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HeLa cells were derived after transfection with pAG475-2 and selection by
growth in 500 �g of hygromycin per ml. Somatic cell hybrids were derived by
fusing 2 � 106 G418-resistant MODE-K cells with 2 � 106 hygromycin-resistant
HeLa cells using polyethylene glycol 1500 (10, 11, 42). Briefly, the two cell types
were mixed overnight in a 60-mm-diameter petri dish, washed with DMEM
without FCS, and incubated with 3 ml of polyethylene glycol 1500 (Roche
Molecular Biochemicals) for 1 min at room temperature. After three washes with
DMEM, the cell monolayer was incubated in complete growth medium for 24 h.
The cells were then detached by trypsin-EDTA treatment and seeded in six
35-mm-diameter petri dishes in the presence of 500 �g of hygromycin per ml and
2 mg of G418 per ml. Somatic cell clones were recovered after 1 month of culture
and selected for dual expression of mouse major histocompatibility complex class
I (MHC-I) and human CD46 using immunolabeling and flow cytometry. The
hybrid cell clones were thereafter quickly tested for their permissiveness to MV
and human chromosome contents.

Viruses. Hallé (recombinant Edmonston-based tag strain of MV [43]) and
chimeric MGV and MG/FV (where the reading frames of MV envelope proteins
H and F were substituted by a single reading frame encoding the VSV G
glycoprotein or a G/F hybrid molecule [51]) were amplified in Vero cells. The
recombinant vaccinia viruses vv-N, vv-P (62), vv-L, vv-NP, vv-PL, vv-NPL (29),
vv-HF (63), vv T7lacZ (1), vv-Tk, vv-T3, and vv-T7 (19) code for MV-N; MV-P;
MV-L; MV-N and -P; MV-P and -L; MV-N, -P, and -L; MV-H and -F; �-ga-
lactosidase under T7 polymerase control; thymidine kinase; and T3 and T7
polymerases, respectively. After one cycle of freeze-thawing of infected cells,
clarified supernatants were collected and used as virus stocks.

Infections. Cells that had been plated and were allowed to grow overnight
were infected at the indicated multiplicity of infection (MOI). After 1 h at 37°C,
the cells were washed once with fresh medium and incubated at 37°C in the
presence or absence of a fusion inhibitory peptide z-D-Phe-L-Phe-Gly (46) at 20
�g/ml. Virus progeny was titrated from infected cells that had been frozen and
thawed once and then centrifuged at 400 � g for 5 min to discard cell debris. The
supernatants were titrated by the 50% tissue culture infective dose method (25)
on a Vero cell monolayer.

Antibodies. The following antibodies and monoclonal antibodies (MAbs) were
used: rabbit anti-MV-F cytoplasmic tail, produced as reported by Cathomen et
al. (6); mouse anti-MV-H BH195 (18) and cl55 MAbs; anti-MV-N MAb cl25
(22); anti-MV-P, a mouse anti-MV serum; anti-MV-M MAb CLONE from
Chemicon; anti-VSV-G MAb P5D4 from Sigma; anti-CD46 MAb MCI20.6 (38);
anti-CD150 MAb A12 from Pharmingen-Becton-Dickinson; anti-Hsp72 MAb
W27 from Santa-Cruz; and anti-mouse MHC-I H2-Kk MAb 16-3-1N (American
Type Culture Collection).

Flow cytometry analysis. For cell surface detection of protein, 2 � 105 cells
were incubated for 30 min at 4°C in a final volume of 60 �l of DMEM–6%
FCS–0.05% NaN3 containing an appropriate dilution of the antibody, in round-
bottom 96-well microplates. Cells were then washed three times by centrifuga-
tion at 280 � g for 2 min and incubated for 30 min with 50 �l of phycoerythrin-
labeled goat anti-mouse immunoglobulin (Ig) (Beckman-Coulter). After two
washes, labeled cells were fixed in 1% paraformaldehyde diluted in ISOTON II
(Beckman-Coulter) buffer. The fluorescence labeling was then measured by flow
cytometry.

Virus binding assay. The virus binding assay was described previously (37). In
brief, 2 � 105 cells were incubated at 4°C for 60 min with purified MV Hallé at
a final protein concentration of 50 �g/ml. Following incubation, the cells were
washed, and the binding was revealed with an anti-H antibody. After incubation
with a phycoerythrin-conjugated anti-Ig antibody, a flow cytometry analysis was
performed.

Cell fusion assay. A virus-based quantitative cell fusion-dependent reporter
gene system detailed previously (8) was used. Briefly, the “receptor” cell partners
were infected with a recombinant vaccinia virus expressing T7 RNA polymerase
(MOI � 5). Simultaneously, the “fusion” cell partners were infected with vv-HF
(MOI � 5) and a recombinant vaccinia virus encoding the T7 promoter linked to
the lacZ gene (vv T7lacZ) (MOI � 5). After removal of nonadsorbed virus by
washing, cells were resuspended in medium containing 5 �g of the fusion inhib-
itory peptide z-D-Phe-L-Phe-Gly per ml. This ensured the inhibition of potential
fusion between neighboring fusion cells expressing functional MV receptor and
the H and F proteins. After overnight incubation at 37°C and several washes at
37°C to completely remove the fusion inhibitory peptide, the cells were detached
with a brief trypsin-EDTA treatment. The receptor and fusing partners were
then cocultured at a ratio of 1:1 in a 96-well flat-bottom plate in the presence of
cytosine arabinoside (40 �g/ml). After incubation at 37°C for 6 h, the fusion was
then determined by the reporter gene activation assay for �-galactosidase using
o-nitrophenyl-�-D-galactopyranoside as a colorimetric substrate.

Western blot analysis. Infected cells, washed in phosphate-buffered saline,
were lysed in radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-HCl
[pH 7.4], 150 mM NaCl, 5 mM EDTA, 0.1% sodium dodecyl sulfate, 0,5%
desoxycholate, 1% Triton X-100) containing a cocktail of protease inhibitors
(Complete; Roche Biochemicals). After 20 min of incubation at 4°C, the lysates
were centrifuged for 15 min at 12,000 � g at 4°C. Proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred
onto a polyvinylidene difluoride membrane. Membranes were saturated with 5%
nonfat dried milk in TBS-T (20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 0.1%
Tween 20) and incubated for 1 h with specific antibodies in TBS-T containing 1%
nonfat dried milk. Immunoreactive bands were visualized by using secondary
horseradish peroxidase-conjugated antibodies (Promega) and enhanced chemi-
luminescence (Roche Molecular Biochemicals).

RNA quantification by RT-PCR. Total RNA was extracted from cells using SV
Total RNA Isolation System from Promega. MV-N mRNA and antigenomic
RNA were detected by reverse transcription-PCR (RT-PCR). cDNA was syn-
thesized from 0.2 �g of RNA using antisense oligonucleotide 5� GAG ATT CCT
GCC ATG GCT TG 3� (genomic positions 1601 to 1620) and C-Therm reverse
transcriptase (Roche Molecular Biochemicals) (10 min at 32°C, 30 min at 70°C,
and 5 min at 90°C). Amplification of the cDNA was done by adding Taq DNA
polymerase (Life Technologies) and the sense primer 5� TGC TCT GGA GCT
ATG CCA TG 3� (genomic positions 1098 to 1117) for 35 cycles (1 cycle consists
of 40s at 95°C, 60s at 55°C, and 50s at 72°C). The PCR fragments were run on
2% agarose gels and visualized by ethidium bromide staining. RT-PCRs were run
in parallel on each RNA sample using �-actin primers: sense primer 5� AGG
CCA ACC GCG AGA AGA TGA C 3� and antisense primer 5� AGC TCG TAG
CTC TTC TCC AGG G 3�.

Minigenome CAT assay. The minigenome chloramphenicol acetyltransferase
(CAT) assay was described previously (43, 47). Briefly, HeLa, MODE-K, and
MODE-K.CD46 cells were infected with vv-T7 at 3 to 5 MOI and transfected
with 1.5 �g of pEMC-Na, 1.5 �g of pEMC-Pa, 0.5 �g of pEMC-L, and 1.5 �g of
p107MV(�):CAT which is transcribed by the T7 polymerase into the MV-CAT
minigenome encoding CAT. Thirty hours postinfection (p.i.), cells were lysed
with reporter lysis buffer (Promega). Protein lysates were incubated with
[14C]chloramphenicol and acetyl coenzyme A for 1 to 2 h. The acetylated prod-
ucts were resolved by thin-layer chromatography.

Human chromosome analysis. The interspecies somatic hybrids were resus-
pended in RPMI and blocked in metaphase by colchicin. The cell suspension was
then made hypotonic (by adding KCl) and fixed in methanol-acetic acid (3:1).
After the cells were washed, they were dropped onto a cold wet slide to spread
the metaphase plates. R-banding was performed after Earle pretreatment for 55
min. Classification of the human chromosomes was done according to the In-
ternational Standard for Chromosome Nomenclature.

RESULTS

Postentry restriction of MV replication in mouse MODE-
K.CD46 cells. A transfected MODE-K cell clone expressing
CD46 at a level similar to that of the permissive human HeLa
cells was isolated and further characterized. The MV binding
ability of MODE-K.CD46 cells was similar to that of HeLa
cells, and MODE-K.CD46 cells were able to fuse with either
HeLa or MODE-K cells expressing MV H and F glycoproteins,
although apparently not as efficiently as HeLa cells did (Fig. 1).
When MODE-K.CD46 cells were infected by MV Hallé strain,
there were very few viral progeny, more than 1 log unit below
that observed when HeLa cells were infected (Fig. 2). Similar
results were obtained with the recombinant tag virus derived
from the Edmonston strain. After infection with recombinant
MGV and MG/FV virus, which code for the unique envelope
glycoprotein G from VSV and a chimeric VSV-G/MV-F pro-
tein instead of MV H and F glycoproteins, respectively, the
viral progeny from MODE-K.CD46 cells was reduced to a
undetectable level. The restricted MV replication in MODE-
K.CD46 cells was observed whichever cell clone was tested, as
well as in MODE-K.CD150 cells (see below). This restriction
was specific for MV replication machinery and likely occurs at
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the postentry level, since the replication of VSV, another
member of the Mononegavirales order, was as efficient as that
observed in HeLa cells.

To identify the step where the virus cycle was blocked, the
expression of viral proteins was examined. Small amounts of N,
P, M, and F protein could be detected 2 days p.i. in MV-
infected MODE-K.CD46 cells, whereas all viral proteins accu-
mulated in HeLa cells (Fig. 3). This lack of protein expression
was correlated with a very small amount of N� RNA strand
which could be detected only after 1 day p.i., whereas N� RNA
was already detected at 3 h p.i. in HeLa cells and accumulated
thereafter (Fig. 4). The low signal observed at 1 h p.i. in both
cells reflects the input RNA of the infecting virus.

Ability of MODE-K cells to support MV polymerase activity

in a MV minigenome CAT assay. MODE-K and MODE-
K.CD46 cells were transfected with eucaryotic vectors encod-
ing the minimal components required for MV polymerase ac-
tivity, namely, the N, P, and L proteins and a minigenome
encoding for the CAT enzymatic activity. As shown by the level
of acetylated chloramphenicol (Fig. 5), both of these cell lines
were as efficient as the permissive human HeLa cells in sup-

FIG. 1. Expression of CD46 by MODE-K cells allows MV binding
(a) and MV-H�F-mediated cell-cell fusion (b). Human HeLa and
murine MODE-K.CD46 cells were tested for expression of CD46 and
MV binding ability using flow cytometry assay (a) and for the ability to
fuse with HeLa (white bars) or MODE-K (grey bars) cells infected
with vaccinia virus encoding MV H and F glycoproteins using a gene
reporter fusion assay (b). The black histograms in panel a represent
the fluorescence background of the cells in the absence of anti-H
antibody. O.D., optical density.

FIG. 2. Poor ability of MODE-K.CD46 cells to produce infectious
MV. HeLa and MODE-K.CD46 cells were infected with MV Hallé,
tag, MGV, MG/FV, and VSV at 1 MOI, and the virus progeny was
measured 3 days (Hallé, tag, and VSV) and 9 days (MGV and MG/FV)
after the infection. TCID50, 50% tissue culture infective dose.

FIG. 3. Defect in MV protein synthesis in MODE-K.CD46 cells.
HeLa and MODE-K.CD46 cells were infected by MV Hallé at 0.1 or
1 MOI, and cell extracts were analyzed 2 days p.i. for MV protein
contents by Western blotting.
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porting MV polymerase transcription activity. It should be
noted that the transcription level reflects both the transcription
from the primary minigenome and the possible transcription
from replicated genomes. The transfection efficiency was inde-
pendently tested and found to be similar in the three cell types.
Thus, there is not a general defect preventing MV polymerase
activity in MODE-K cells. When tested for their ability to
support the rescue of synthetic MV CAT minireplicons after
infection with MV (48), the MODE-K.CD46 cells were ineffi-
cient, as expected, because they are nonpermissive (data not
shown).

Recovery of MV protein synthesis by MV polymerase com-
ponents provided in trans. Since the MV replication block was
early after infection and affected the polymerase RNA synthe-
sis, we attempted to supplement in trans the infected cells with
MV polymerase components. MODE-K.CD46 cells were in-
fected with MV alone or together with a recombinant vaccinia

virus encoding an appropriate ratio of N, P, and L proteins in
complexes proficient for polymerase activity measured using a
MV CAT minigenome rescuing assay (29). A dose-dependent
increase of H expression was observed when the cells were
coinfected with vv-NPL, whereas coinfection with vv-Tk, vv-T3,
or vv-T7 did not increase the level of H expression (Fig. 6). For
a control, the MV and vv-NPL coinfection of HeLa cells re-
sulted in a dose-dependent reduction of the level of H expres-
sion. The inhibitory effect of the coinfection of HeLa cells with
vv-Tk was likely due to its much higher replication level in
human cells and increased cytopathic effect, an effect not ob-
served with vv-NPL which, like the vv MVA strain, has both
K1L and C7L genes deleted (29). The trans-complementation
effect was further explored using MODE-K cells expressing
CD150 as an alternate cellular receptor (Fig. 7). The expres-
sion of CD150 allowed a significant expression of H protein
after MV infection at a MOI of 2. Increasing infectious MV
input up to a MOI of 10 resulted in cell surface contents in H
just above that observed after infection at a MOI of 2 (20 and
15 arbitrary units, respectively), the H excess reflecting mostly
the H brought by the higher input virus particles as measured
when using 10 equivalent MOI of UV-inactivated MV (9 ar-
bitrary units). The infection of MODE-K.CD150 cells with
vv-T7 resulted in some apparent increase of H expression
whether the cells were coinfected or not coinfected with MV,
which was inactivated or not inactivated with UV. This non-
specific effect was likely due to some vaccinia virus-induced
cytopathic effect. Indeed, the infection with vv-NPL in the
absence of MV or with UV-inactivated MV resulted in a sim-
ilar higher level of H expression compared to that of the
corresponding MV infections in the absence of any vaccinia
virus coinfection. In contrast, providing N-P-L or N-P proteins
in trans, using vv-NPL or vv-NP, resulted in a significant in-
crease in H expression (Fig. 7). The isolated expression of N,
P, or L protein was not able to circumvent the virus replication
block with an H expression level similar to that observed after
vv-T7 infection. Likewise, the expression of P-L complexes was

FIG. 4. Defect in MV RNA synthesis in MODE-K.CD46 cells. HeLa and MODE-K.CD46 cells were infected by MV tag at 1 MOI, and MV
N� RNA was analyzed by semiquantitative RT-PCR at several time intervals. The PCR products were visualized by ethidium bromide staining.
Equal amounts of RNA were used in each RT-PCR sample as shown by the levels of �-actin RNA PCR products.

FIG. 5. MV polymerase activity in HeLa and MODE-K cells mea-
sured using a MV CAT minigenome transcription assay. CAT activity
from transcription of the MV CAT minigenome in HeLa, MODE-K,
and MODE-K.CD46 cells in the presence (�) or absence (�) of MV-L
protein. Cells were infected with vv-T7 and transfected with plasmids
pEMC-N, pEMC-P, pEMC-L, and p107MV(-) encoding MV-N, -P,
and -L proteins and MV CAT minigenome, respectively.
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unable to alleviate the H expression defect. As expected, UV
irradiation of MV prior to MODE-K.CD150 infection resulted
in the lack of significant increase in the level of H expression
induced by vv-NPL (Fig. 7).

Inability of heat shock to alleviate MV replication block in
MODE-K.CD46 cells. Heat shock and Hsp72 protein have
been reported to enhance MV replication in permissive human
and simian cells (40, 57, 58). MODE-K.CD46 cells were heated
at 44°C for 1 h, resulting in an increase in the expression of
endogenous Hsp72 (Fig. 8). However, after MV infection, no
change in MV-N expression was observed.

HeLa � MODE-K somatic hybrids display either blocked or
permissive MV replication phenotype. HeLa � MODE-K
(H�M) somatic hybrid cell clones, isolated on the basis of dual
expression of human CD46 and murine MHC-I, were tested
for their ability to support MV infection. As shown on Fig. 9,
four of seven clones exhibited a permissive phenotype, with
more than 50% of cells expressing H protein 2 days p.i. The
three other clones exhibited a nonpermissive phenotype simi-
lar to that of MODE-K.CD46 cells. Since human � mouse
somatic cell hybrids are characterized by variable contents of
human chromosomes, the permissiveness of some H�M hy-

brids indicate that one (or a combination of several) human
cellular factor(s) can alleviate the MV replication block of the
MODE-K cells. Indeed, as expected from the chromosome
location of the CD46 gene, they all contained chromosome 1
(Table 1). The permissive phenotype was associated with the
presence of chromosomes 2, 6, 8, 13, 18 and 22, pointing to
these chromosomes as encoding the putative cellular factor(s)
enabling MV replication in the MODE-K cellular context. The
fact that chromosome 6 was present only in the permissive
clone makes it the best candidate, but the possibility that the
human factor(s) results from a complex interaction of proteins
encoded by distinct chromosomes cannot be excluded.

DISCUSSION

Here, we reported a detailed host restriction phenotype for
a member of the Mononegavirales order characterized by an
early block of MV transcription which can be trans-comple-
mented by either MV N-P and MV N-P-L complexes or by a
human cellular factor(s).

There are several pieces of data that support the hypothesis

FIG. 6. Recovery of MV protein synthesis in MODE-K.CD46 cells by MV-NPL complex provided in trans. Expression of H protein measured
after cell surface immunolabeling and flow cytometry (a) (results expressed in mean fluorescence arbitrary units) or Western blotting (b) 2 days
p.i. in HeLa and MODE-K.CD46 cells coinfected with MV (Hallé; MOI � 1) and recombinant vaccinia virus (MOI � 1 to 5) encoding MV-NPL
proteins, thymidine kinase, or T3 or T7 polymerase.
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that the restriction of MV replication in the mouse MODE-K
cell line is caused by a defect in MV RNA synthesis. MV
replication block was observed irrespective of the cell entry
pathway, namely, CD46 (12, 37) and CD150 (13, 30, 54) cel-
lular receptor-mediated pathway or VSV-G pH-dependent en-
docytic pathway (4), as shown by the lack of replication of
recombinant MGV and MG/FV viruses. Indeed, both CD46-

and CD150-mediated MV binding and fusion activity could be
detected when these receptors were expressed in MODE-K
cells. Furthermore, the ability of N-P or N-P-L protein com-
plexes to alleviate this block in MODE-K.CD46 and MODE-
K.CD150 cells implies that the MV nucleocapsids from incom-
ing infectious virus have entered the cytosol of MODE-K cells.

The order of genes in the MV genome and the reduced
reinitiation at every intergenic region result in the optimal
balance between the three proteins involved in the polymerase
activity. The first gene encodes the N protein, which is required
in large amounts to encapsidate the 15,894-nucleotide MV
genome and antigenome. The P protein is synthesized in
smaller amounts because of the downstream position of the
gene, the transcription into the two mRNAs (P/C and V), and
the translation of the P/C mRNA into P and C proteins (2, 7).
The most downstream gene encodes the L protein, which is
therefore synthesized in limited amounts. Overall, a single
ribonucleoparticle contains an estimated 2,600 N, 300 P, and
40 L proteins for each genome. The importance of this N/P/L
balance for transcription and replication of genomic RNA has
been demonstrated in MV reverse genetic studies (43, 47, 48).
Although encapsidation and concomitant replication of MV
genomes require a constant supply of N, P, and L proteins,
transcription is favored when they are in limited supply (24,
32). This likely explains why increasing amounts of N, P, and L
proteins, provided in trans, reduced virus protein synthesis in
HeLa cells, which are permissive for MV. The trans-comple-
mentation of restricted MV RNA synthesis in the MODE-K
cell lines by N-P-L or N-P complexes suggests that N-P-L or
N-P complexes may act by maintaining (stabilizing?) the in-

FIG. 7. Recovery of MV protein synthesis in MODE-K.CD150 cells by MV-NPL or MV-NP complex provided in trans. Cell surface expression
of H protein (in mean fluorescence arbitrary units) on MODE-K and MODE-K.CD150 cells 2 days after coinfection with MV (Hallé, MOI � 0,
2 or 10) and vv-T7, vv-NPL, vv-NP, vv-PL, vv-N, vv-P or vv-L (MOI � 5). Sham infection using UV-inactivated MV (MV-UV) was used for a
control.

FIG. 8. Induction of Hsp72 by heat shock does not alleviate the
defect of MV protein synthesis in MODE-K.CD46 cells. MV-N and
Hsp72 protein expression in MODE-K.CD46 cells treated (�) or not
treated (�) with heat shock for 1 h at 44°C and infected for 2 days by
MV (�) (Hallé; MOI � 1) is shown.
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coming N-RNA genome template proficient for polymerase
activity. The lack of increase in MV protein expression when
the MOI was increased from 2 to 10 argues for this hypothesis,
with every incoming infectious ribonucleoparticle being simi-
larly destabilized. The lack of effect of providing N protein
alone can be explained by the chaperone role of P to prevent
the aggregation and nuclear accumulation of N protein and to
favor viral RNA encapsidation (27, 31, 50). The L protein
tends to be unstable and is unable to bind to the viral RNA or
to the N-RNA template. It has to form complexes with the P
protein in order to recognize the N-RNA template, as shown

for the related VSV (20). Likewise, complexes of L-P and N-P
proteins from Sendai virus are required for in vitro polymerase
activity (26). The inability of P-L complexes to alleviate the
RNA synthesis block in MODE-K cells indicates that P-L
complexes from the incoming virions are not the primary target
of the cellular defect.

What could be the cellular factor(s) responsible for the MV
restriction phenotype of MODE-K cells? It cannot be attrib-
uted to the synthesis of alpha/beta IFN because (i) VSV, which
is highly sensitive to inhibition (44), replicates normally in
MODE-K cells, (ii) cells should be pretreated with IFN in

FIG. 9. Somatic hybrid clones of MODE-K and human cells exhibit either blocked or permissive MV protein synthesis. HeLa and MODE-K
cells were fused, and somatic cell hybrids were selected for dual expression of human CD46 and mouse MHC-I proteins. Isolated hybrid clones
were infected with MV (Hallé; MOI � 1) and expression of cell surface H protein was measured after immunolabeling and flow cytometry. H
expression level is shown by the shift of the white curve to the right and by percent positive cells. The black curves correspond to the
autofluorescence level of each cell clone in the absence of anti-H antibody.

VOL. 76, 2002 trans-COMPLEMENTATION OF MEASLES VIRUS RNA SYNTHESIS 6127



order to be efficient in blocking incoming virus replication, and
(iii) if mouse IFN synthesis were involved, one would expect
that all human � mouse somatic cell hybrids exhibit the re-
strictive phenotype because only human chromosomes are lost
at random. The Hsp72 protein has been associated with in-
creased MV replication (40, 57, 58). This highly conserved
protein (a single amino acid difference between mouse and
human species) was detected in MODE-K.CD46 cells. Submit-
ting these cells to a heat shock resulted in a large increase in
Hsp72 expression without enhancement of MV replication.
This indicates that the phenotype of MODE-K cells is unlikely
to be related to Hsp72. The permissive or nonpermissive phe-
notype of human � mouse somatic cell hybrid according to
their contents in human chromosome suggest that a human
factor(s) can act in trans to allow efficient natural MV tran-
scription. A limited number of mouse cell lines expressing
either human CD46 or CD150 has been tested so far for their
MV permissiveness, and they exhibit various phenotypes, from
permissiveness to restriction in MV replication at various
stages of the virus infection cycle (16, 28, 37, 61). The pheno-
type of MODE-K cells may reflect the property of a subset of
mouse tissues, since MV growth in some tissues of CD46
transgenic mice is restricted at an early stage (28).

The observation that MODE-K cells efficiently support MV
polymerase-driven RNA synthesis in a CAT minigenome assay
indicates that transcription does work in these cells. What the
minigenome experiment and the trans-complementation have
in common is (i) vaccinia virus infection, which we can exclude
as a complementing factor from the controls and (ii) a high
level of N-P(-L) protein synthesis. Therefore, the native N-P
synthesized in the cytoplasm seems to be the crucial point.
Therefore, we can conclude that in the natural MV infection,
RNA synthesis is restricted in MODE-K cells expressing one of
the human MV receptors but can be overcome either by pro-
ducing native N-P complexes or by human cellular factors

(hybrid cells). Why N-P proteins have to be supplied in the
cytoplasm is then a matter of speculation. One possibility is
that they become inactivated when the nucleocapsid enters
into the mouse cell cytoplasm, either because of additional
posttranslational modifications (e.g., phosphorylation or de-
phosphorylation, which have been shown to be important for
VSV [21, 49]) and/or because of enhanced dissociation of the
polymerase-template complexes. Alternatively, the lack of as-
sociation with a putative cellular cofactor acting, e.g., as a
N(-P?)-RNA stabilizer, cannot be excluded. Significant
amounts of additional native N-P proteins, likely outweighing
the incoming N-P proteins from the few infectious particles,
would either provide template building blocks in active state or
increase the N(-P?) to template dissociation time according to
the mass action law. A cell site-specific inactivation of natural
MV RNA synthesis occurring within the vicinity of the plasma
membrane is also possible. Indeed, a change in the virus entry
site from plasma membrane (for MV) to acidic endosomal
compartment (for recombinant MGV and MG/FV) is associ-
ated with a much reduced replication kinetics (51; D. Gerlier,
unpublished data). The Sendai virus polymerase exhibits a
much poorer transcription processivity in vitro than in vivo,
indicating that the living cell environment is more critical for
transcription than for replication of the virus genome (23). In
the case of the respiratory syncytial virus, the processivity of
transcription is ensured by the virus-encoded M2-1 protein
(17). It is possible that MV replication fails in MODE-K cells
because of the lack of efficient processivity during transcrip-
tion. Besides the inhibitory activity of M protein (5, 9, 41, 52),
nothing is known about the molecular events leading to the
stop and start of Mononegavirales polymerase activities during
budding from the host cell and fusion within the target cell,
respectively. Identifying the cellular factor(s) responsible for
the restriction phenotype of the MODE-K cell line will help in
unraveling the regulation of MV RNA synthesis.

TABLE 1. Human chromosome contents of HeLa � MODE-K (HxM) somatic hybridsa

a CD46-encoding chromosome 1 (stippling with a pattern) and chromosomes associated with permissiveness (light grey stippling) are indicated. Symbols: �,
chromosome detected; ?, not determined.
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